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AIIS’I’ILACYI’

~’hc :papcr clcscribcs  ex]mrinlmtal  research  ill the area of active vibration isolation. q’he objective of’ the

rwscaw.h  is to quantitatively assess the pcrforunance gained by au.gmcnting a passive isolator wit]l  all active

stage. Vibration isolation cxpcrimcnts  were carried out 011 a flexible structure utilizing a. proof-lnass  shaker
as t}le disturha]lcc  source and. a ]lewly dcvclopcd  active n~e]nber  as tllc isolator. }Iroad ball d force fmdback

c.olltrol  dmnonstratcd  more  than 20 d]] r educ t ion  in forcw translnissilility  over ]~assive  isolation alollc.  ‘1’hc
broad  tmlld controller was augmented with notch filters which resulted  in rcduc.ing force transmissibility by
40 d]] over the pass;vc sta.gc  in select  narrow bands.

1. IN’J’ROI)UC’I’ION

Vuture prccisio]l  space structures will bc required to operate at nanometer lCVC1 vibration e]lviro]llncllts.  Noisy
slmc.e lnaclli?lcwy  SUC]I as  rca.ctioll WIICCIS,  ta]m rcc.ordcm, cmltrifugm a.lld rolling trolleys clnlllit disturtmnc,  m

which after being amplified by the highly rc.sonant dynalnics  of the strut.turc may result  in vibrat;on  amplitudm

well ihto  the Inicromctcr  range.

Mcch a.]lical  iscdat;oll  k an eflcc.t;ve  design soluticjlt  for the reduction of tral[slnissibility  of disiurbanc.es  frmn
one structural subsystem to another. in the last 15 years,  there has been a great deal of progress made in the

applimtiom c}f active control to enhance passive isolation , duc to advances in new actuator ~natcrials, dig; tal
sigilal  ]}roccssillg,  and to a lesser degree, co)ltrol  tllccn-y. 1~2~3  ‘J1he literature contains dozmls of rcfermlc.m  iTl
illl~)lc[l~erltatiolls  of a.ctivc iscdation, most of which arc for single dcgre.c of freedom systmns; the m atur;t  y of

lnulti  axis active isolation design is far from complete. in nearly  all of the rcfermccs,  both the substructure

a.lld the payload arc assumed  to have known, llo]l-rcso~lallt  output (or input) ]not)i]it,ies. l,ocal error  scvlsors,

SUCII iis base or lnachinc  accelcn-atioll,  force, or gap measumnmts,  are scdcctcd  based on collveniclicc,  cost or
sig]ial  to IIo;sc ratio.

lsolatioll is an attractive layer in the overall control design approach for controlled strut.tures4~ 5 bccausc

]nachincry  and pay load  mouuts  act  as d i s tu rbance  bottlcnc.cks which are talg;cts for ac.t;vc  c.olltrol.  l,ocal
actuators and sensors lead to collc)catcd control designs for the reduction in transmissibility of force or dis-
l)lac.clncllt.  ‘1’hc flexibility of the base structure, howcww, ])rmcllts difficulties iTl the dcsigli  of active isolation,
hc!causc  resonant base dynamics can c.oup]e  into the plant transfer functio~l. It was show]] for the case of
disturbs.nc.c! isolation from a vibrating nlachiuc to a flexible tmsc 6 that use of base accelcwatioli  as all error
smlsor  l eads  to aTl u]lii~.c,~])tably  IIigh dcgrm  of illtcrac.tioll  wit,h tmsc s t ru t . tu rc  rcsonancm  in the fcwdtmck

loop, prohibiting broadband control  with robust  rollofl’.  Yet ill another study 7 base acc.c.lcvatioll  was  used
cflcctivcly fcm ac.t;vc cnhancmncnt  of passive isolation, tmt in this case the tmsc rcsollanc.e frcxlucllcics  were

well  above the ])assivc stage  corner  frcqumlc.y.
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Ngurw 1. Vibratiml  isolation expcrilncmt. Figure 2. Soft Active Mcnllhc!r (SAM),

‘J’IIc scJcc.tioII  of actuator/sensor pairs fc}r  cmltro]  has 1)(WII rc-exalnincd  for c.ascs in which rcsonallt  structural
dynalnim  arc prcscmt.

8 q’o sumlna,rize the rcsu]ts  of that work :

1. A passive softmount  yklds IIOt OIIIY nominal isolaticm perfcmlnancc, but. also ~)cmnits (with ap})ropriat,c

scnscw/ac.tuatoI ]Iairhg) clccoupling  of the control systcIt  I from resonant strut.iural cly]laJI]ics.

2. Two actuators wcrcidcmtified  for ac.tivc  cnhanc.mncnt of isolation; a.force actuator ~mrallcl to the }mssivc
softmoullt,  and a displac.elncllt  actuator in series with the passive mount.  }/’or the force actuator, the scnlsor

which lninimize.d c.oup]ing  with rcsonallt  strut.tuml clyllalnics  is tra~lslnittcd  fore.c. For tllc. clisplac.clncnt

?LdUah], the a])pK@at(? Scllsor  iS ]CSS constrained but  still  ilnportallt.

‘J’his paper invmtigates  the usc of a force actuator (voice coil) ill pa.rahl  with a passive sc)ft]llount  (elastic
ficxures). ‘J’llc mm sensor used for fcwclback  is the force trallslnittccl  to the base. ‘J1hc main ohjcctiveof  the

rcswwch is to qua.ntitative]y  assess the performance gained by a.uglnwhing a ])assivc isolator with all active

controil systcm. ‘1’hc work is motivated by the need to attenuate machine  generated disturbances on board
s])acc vchic]cs  but  t}Ic results obtained arc re]cvant to a large class of vibration isolation problmns,

(

2. FXI’F,IUMF, NT’ 1 )ltSC}U1’’3’l  ON

A single-mis disturbance isolatio]l  fixture was dcsignccl, built,  and installed 011 a J)recisioll  truss structure
kllowll as tl)c J ] ’ ] ,  l’lIasc li ITltcwfcrc)]nctcr ‘J’cxtbcd,5 ‘J’}lc  truss structure simu]atm  a~l elastic foundation

011 which a vibrating machine is mounted. ‘J’he ‘Jkstbccl is a highly mscmant structure a~lcl cmr]y systcm
idc!lltific.ation  testsg rcvcalcd the presence  of approximately ’20 lig;ht]y  clamped modes MOW 100 IIz.

‘J’lIc  mpcrillwnt  hardware consist of three co]nponcnts:  the disturba]lce  source, tile kolator,  ant] the flexible

lmsc structure. l’igurc 1 shows the syslxm configuration and how the three colnponmi,s  arc intcrconncc.tcd

along all axis ]mr]lclldic.ular  to the dircctiom  of gravity.

‘J’]lc disturballc,c  sourc.c  is a, proof-) na,ss shaker suspculclcd  froln the c.tiling and attached  to the isolation fixture

via a stillgcr-type connector. ‘1’hc  proof mass used in the cxpcrilnmts  was apprc~ximately  ‘2 Kg. A force scvlsor
was illst,allcd  betwcml tile shaker  a]ld the isolator ill orclm to measure the force acting o]l tlIC  isolator. g’his

was cmc of two s~]]sor~j  used to lncasurc  form  trallslrlissil~ilit}~.
,
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Figure 3. Plant transfer function.
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I’igure 4. l,oop gain and phase.

‘1’he isolator consists of a newly developed active  strut along with a 4 Kg mass suspended from the ceiling.

11’he  key elements  of the active strut are a set of aluminum flexures and a voice coil actuator. q’he hardware
is showII j]) I’igure 2. ‘1’}Ic active strut will be refcrled  to a.s the Soft Active Member  (SAM) si~lce  the flcxurcs

can bc made  sufflcimltly  soft to satisfy diflerent  passive isolation requirements of corner frequency, load and

stroke, !l’hc stiffness of t}le flexures used in the experiments was 70 N/nlm. A gap sensor was installed inside

the SAM to monitor relative displacement and detect motion saturation. A se;ond  force sensor was insta.llcd
Imtwemi the isolator arid the truss structure ill order  to )neasure  t}le force transmitted into the structure. ‘J1his

scw scm was used for feedback control as well as for performance asscssmcmt.

q’hc tiybrid  IIature  of the isolator is evident froxn its passive and active constituents. ‘1’he 70 N/mm flexurws

and ,~1 Kg blocking mass represent the passive stage of the isolator while the force sensor along with the voice

coil act  u ator are elements of the active stage. ‘1’hc mass and stifI’lless  of the isolator were selcctcd to a,c.hieve

a 20 11 z passive mount corner frequency. q’his was an attempt to capture the corner frequency of the pa,ssivc

mount in the IIubblc  lspace  tcdcscope 10 We note that the }Iubble  passive mount is one of few isolatio~l  systems

currclitly  ill space.

3. AC’I’IVF: ISOI,ATION

‘J’he active  isolation stage is introduced in all cfltirt to increase  performance tmyond that obtained from
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anlbicnt  noise.loop response  toFigure 6. ClosedFigure  5 .  0])e111{20p respoJ)se  toalnl)iellt  1,[,ise.

the ])assive  stage, ‘1’hc work descrik!d  in this section is separated into three phases: (i) lnea.surcment  and
identification of the plant transfer function, (ii) design and il[~IJlel~~elltatioxl  of the compensator, and (iii)

lnc!asurcmeni  and comparison of open and closed loop pcrformzulc.e. F;ach phase will now be discussed ill
Scqu(!)lc,(!.

2’l)c transfer fu]lc.tioll  from the voice coil actuator to the force swlsor was rneasurcd  using an 11]’ 3566A

s])cctru]ll  analyzer. }loth sine-sweep and band-lilnitcd  white noise excil,ations were used to identify the p]arlt

transfer function OVCI the frequency range  0.2-6,000 IIz. ‘J’he result is shown in F’igurc 3. We observe that

at fr<!qumlc.im  below ‘the passive! mount eormer frequency of 20 llz the magnitude of the response i~lcreascx

with increasi~lg  frcquellcy  at the rate of +40 d]] per decade. Clearly visible is t}lc presence of eight lightly
darn~jed  lnodcs of the truss structure in the range 2-20 IIz. Above t}le corner frequency of the passive mount

the nlagllitude  of the ]rcsponse  becol[ies  flat until it eventually rolls-off above 2,000 IIz. The identified transfer

function closely rescm Mm that measured by Wattcrs et alc whc~ experimented with the isolation of disturbances
gmleratwl  by a l)icscl engine on an elastic foundtition,  g’he result is also in a.grecmc!nt with analytical studies

by 1 IIackwood  and von l’lotow8  who predict that use of a force sensor will largely decouple the plant  transfer

fu~lctioll  from resonant base dynamics at frequencies well above the passive mount corner frcquc!ncy.

With t}le plant transfer function identified, the control system was synthesized using loop shaping  techniques

.
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Figure 7. lsolatcw force trallsxlliss;bility.

ill the frequency domain. 11 lIIC design objective was to reduce  force translniss;bi]ity  both below and above

the passive mount corner frequency of 20 IIz. ‘1’his is achievc!d  by increasing the loop gain over the desirccl
banclwidth.  The compensator was designed to prcwide  both broadband and narrowband  pmforlnanc.c. l,oop
sha])ing resulted in an 1 MA order design consisting of a second order ]owpass  filter, 4 second order note.lL filters,
a fourth order lead and a fourth order lag filter. g’hc lowpass filter provides the necessary high frequellc.y roll-

oft’, tlIc lead arid lag filters prcwide 30 dcgrcw phase lnargins  at the high and low frequency cross-over points, and

the notch filters  boost  the loc)p gain at the frequencies of the most dominant base resonances. ‘1’hc  loop shape
show]l  in 11’igure  4 shows that the co]npellsat,or  has introduced lnorc than 20 dl~ c)f gain over approxilnately  a

dccadc  of frequencies and more than 40 d}] at select narrow bands. q’he design was implemented as a parallel
bank of 9 mc.ond  order filters on a lleurikon  V31t/50Ml17, 68030 processor running at 4,000 IIz. ‘1’he delays

associated with the cornputcr  ilr~~JlcIr~elltatioll  (i.e ,, zero cwdcr hold, transport and computat;  olial  delays) were

taken  into account and their eflec.ts  arc included in the loop phase of Pig. 4. (

~’he first expcrhnent  involved measuring the background noise in the feedback sensor. Figure 5 shows the
out put of the force sensor  W}ICN  both the disturbance source and control system are off. ‘1’hc laboratory
background noise is OrII the order of 3 mini-pounds peak. q ‘he power spcc.truln  of the waveform further shows

that it is dominated by a single frequency component at 16 IIz. Since t}le truss structure has a lightly dam]md

mode  at 16 11 z (see Fig. 3) it is believed that laboratory a.rnbkmt  noise excites the 16 117, rcsonanc.e  and this
motion is picked up by the fc)rce  sensor between the trusswork  and the isolator.

9’WO closed loop experiments were carried out first with the amibhmrt disturbance and then  with disturbances

gcvleriitd  by the shaker. l’igure 6 SIIOWS  the output of the fcwcc sensor when the feedback loop is closed. ‘1’lle

0.3 ]Iiilli-pounds peak amplitude implies a factor of 10 improvement (20 d}]) over open loop and this represents
the noise floor of t}]e expcrin~ent under closed locjp control.

5

With the disturbance source on, the force transmissibility of the isolator was rncasurcd with and without

active control. ‘J’hc result is shown in Figure  l’. ‘1’hc  ‘(hard mount” represents tlie case of IIavillg the isolator



●

rc]novccl  m)cl the disturbance source snountcd clircct]y  tc) the truss  strut.turc. ‘1’he  “passive soft InouIIt” shows

the classic scc.cmcl  order  behavior of a second order lightly damped  spring-mass systmn  which provides 40

cll\/decade isola.tio]l  above its characteristic corner frequency. ‘1’hc ‘(active soft Inount”  shows the pcrforlnancc

imprcwcunent  gainc!d  by augmenting the passive stage  with all active stage.. Clearly, the active stage provides

20 dll of broadband hnprovcmcnt  over the pass;ve stage and 40 d]] of narrowband  i~[lprovcmmlt  at s])cciflc

frcqucllc. i ts ,  ‘J’his  ilnprovemc.nt is acliicvcd  at the CXIICIISC:  of increasing tralls]nissibility  by approxi]nately  5
d]] at frequcncicw outisidc the control systcln bandwidth.

4. CONC1,~JSIONS &. l“Uq’tJR.E  W O R K

A sing] c-axis disturha[lc.c isolation fixture consisti]lp,  of a shaker in series with a IICWIY  dcwcdopcd  active strut
~!~as  jllsta]l~d  and tested  011 a. prc!cisioll  t rus s  s t ruc tu re , Vjbration  isolation e.x]mrimmlts  were carried out

utilizhlg  tllc sllakcr as i,hc disturbance source and tllc active lncurlbcr  as t,ltc isolator. llroad  hastd force fcccl -

back control dcsigrled using classical loop sha])ing  tcc.hniqucs  dclnonst]atcd  ]norc than ’20 d]] of ]mrforlnanc.c

jln ]wovcvncnt  over passive isolatjon. 11’urthcrlllorc,  l~arrow baJId control  r~!sultc!d j]l rcducillg translnissibi]ity

by am additional  20 dl~ over t}tc broad hand, qlc main rcsu]t of this research is that an active  stage  can

sig;llificalltly  rcclucc tllc trallslnissibility  of a ]Iassivc jsolator  both below and above jts characteristic ccwncr

frcqumlc.y.

l’uture  work will focus on lnultiplc-axis  ko]ation  with an illlproved  pa.ssive/act;vc  ]I)ount.  Near tcrln efforts

will col~c.cntraic  oI~ enhancing the performance of both the passjvc and active stage. q’hc passive stage can

bcI ilnprcwcd  by IowcriIlg i ts  characte.rjstic.  c.or]icr  frcqucllcy. IIowcvcr,  ill lowmillg  the corner fmqucvlcy the

challcmgc  is to dc!s@l  softer flcxurc!s that can ac.c.omodat(!  loll~cr strc)kcs while still ]nailltai~lillg  a lilicar forcc-

dis]~lacc~[lcutt  relationship. ‘1’hc active sta.gc  call  he jlnplovcd by jllc.rca.sillg  tllc bandwidth of the colltrollm.
‘J’his  call  be acjlicved  b,y minimizing tjmc  delays and improving the nojsc and bandwidth charactcvistic.s  of the.

contrcJ systc~n  hardware.  l’hnphasjs  will also be p]accd cm com])cnsators  with self tullin?; clclncnts  tlla.t call
restore llo~nina]  performance despite  changes ill the plant and disturbance dy~la~nic.s.

‘1’he authors am grateful tc) Mr. Christopher Miller who dcsiglicd a]id built the soft active mc]nber,  to Mr.

Mic.hat] Kalltlicr  who dcvclopc.d  custom software fo~- the co~nputer  il[l])lclllclltatic)]l  of the contro]lcr,  t,c) M r.

JolIn () ’l]riml  for IIulncrous laboratory cJlores, and to l)r. IIoris  l,uric  for providi]lg  early guidance  o]t t}lc
])rojocl.. ‘J’hc rc.search dcscribcd  ill this paper was ]mrforlncd  I)y tllc Jet l’ro]~ulsio]l ],aboratory,  California.
institute of ‘J’cclnlo]ogy,, under  contract wjth the Natiollal  Aeronautics and Space Adlninistratioll.

6. RIUI’FIHUON  CM

1. VO]I Flotow,  A.)]., “A] I l;xljository  Overview of Activt! Control of Macllillcry  Mounts,” ])rocccding;s  of the
2?th  Confcrenc.c  on l)ccis;cm  and Contro],  Austjll,  q’X, 1988.

2, Sjlllha,  A., Kao,  C., and Grodsinsky,  C,, “A New Ap])roach  to CoIltrollcr lksign  for Microgravity  lsolatioll

Syslmn,”  Ac.ta Astmmautic.a,  Vol 21, No. 11/12,  pp. 771-775, 1990,

3. Collins, S. A., and von l’]otow, A,ll., ‘(Active Vibration lso]ation for Spat.cc.raft ,“ 42.]\d  ~OIlglWS of the

lntcmlatio]lal  Astrcnlautic.al l’c:dcratioll,  Mo]ltrcal,  1991.



●

4.

5.

G.

7.

8.

9,

)0,

11.

IIlackwood,  G.]]. Jacques, R,, MICI Miller, l)., “’J1hc MI’J’ hflultipoillt  Aliglilllellt  ‘J1cstbcd:  ‘J’c.cll]Iology

1 )Cvclo]jlnclli  for Optic.al IIltcrfcrol[-lctly,” S1’11;  Confmcllc.c  o]) Active a]ld Aclaptivc ()]]tical  SystcIrIs,  San

IIicgo, 1992..
Spallos J . ,  et al., “CoI]tIol-Strut.turt! llltcractioll  ill l,o~lg IIasclillc  Spat.c: llItcrfcroll~etcls,”  12th 111’AC

Syln})osiulr~  0]1 Auto~natic  Co~ltrolill Acv-os]mcc!, ottobrunn,  GmInally,Sc  y). 1992.

Y\Jatt[!YS,l  ]. C;,, COilCIIIaII,  R.]].  l)uckworth,  G.l,., aIlcl llcrk~~~all,ll.1’., “A l’erspcctivcoll  Active Macllillery
isolation,)’ l’~oceedillgs  oftllc27t}l  Collfcrcnceon  IIccision  and Control,  Allstili, q’X,1988,

Kap]ow, C,.1~., and VclIIIalI,  J.}{.,,’fA})])lica.tic)ll  of an Active l,ocal VibratioIl isolation Collccq)t  toa 11’]cxitdc
Space ‘J’elcmopc,” JourIlal  of Guidallcealld (;ontJo13(3),  pp. 227-233,1980.
IHackwood, G.]]., and VOII ll’lotow,  A.11., “Ac.tivc Cojltro]  fo r  Vibratiol) lso]ation ])cspitc  lh.sollallt  l!ase

l;lylla.mics,’)  l’rocecdi]lgs oft}lc  ASMJ(JWTilltcr  A?l]lual  hflcctillg,,  A1lallcilll,  CA, Nc~v. 1992.

Spa]los J .  and Kissil A . ,  “ M o d e . l i l l g  and ldcl~tification  of the J]’],  l)hasc ]1 ‘Jkstbcd, ”

Al)l’A/AIAA/ASMI  I;/Sl’llI;  Collf, on Active Materials  allcl Ada])tivc Structures,  Alcxalldria,  VA, NOV.

]99]+

IIcals,  ct al., “lluhble  Space ‘Jk]cscopc  }’recisknl  l’ohitillg Control Syste.]n  ,“ Journal  of Guidance, Vol. 11,

No. 2, pp. 119-123, March-April, 1988.
IIodc,  11. W., A’ctuwwk  Analysis and lkcdback  A9nldijicr  lksig?t,  Van Nostrallcl, NY, 1945.

.


